Leaf-cutting ants cultivate the fungus Leucoagaricus gongylophorus, which serves as a major food source. This symbiosis is threatened by microbial pathogens that can severely infect L. gongylophorus. Microbial symbionts of leaf-cutting ants, mainly Pseudonocardia and Streptomyces, support the ants in defending their fungus gardens against infections by supplying antimicrobial and antifungal compounds. The ecological role of microorganisms in the nests of leaf-cutting ants can only be addressed in detail if their secondary metabolites are known. Here, we use an approach for the rapid identification of established bioactive compounds from microorganisms in ecological contexts by combining phylogenetic data, database searches, and liquid chromatography electrospray ionisation high resolution mass spectrometry (LC-ESI-HR-MS) screening. Antimycins A 1 -A 4 , valinomycins, and actinomycins were identified in this manner from Streptomyces symbionts of leaf-cutting ants. Matrix-assisted laser desorption ionization (MALDI) imaging revealed the distribution of valinomycin directly on the integument of Acromyrmex echinatior workers. Valinomycins and actinomycins were also directly identified in samples from the waste of A. echinatior and A. niger leaf-cutting ants, suggesting that the compounds exert their antimicrobial and antifungal potential in the nests of leaf-cutting ants. Strong synergistic effects of the secondary metabolites produced by ant-associated Streptomyces were observed in the agar diffusion assay against Escovopsis weberi. Actinomycins strongly inhibit soil bacteria as well as other Streptomyces and Pseudonocardia symbionts. The antifungal antimycins are not only active against pathogenic fungi but also the garden fungus L. gongylophorus itself. In conclusion, secondary metabolites of microbial symbionts of leaf-cutting ants contribute to shaping the microbial communities within the nests of leaf-cutting ants. chemical imaging | antibiotics | chemical defense | ecological function
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However, in 1999, Currie et al. (10) discovered microbial sym bionts, identified as Pseudonocardia, from biofilms on the in tegument of leaf cutting ants. Because Pseudonocardia belong to the well known antibiotic producing Actinobacteria, it was sus pected that Pseudonocardia play a crucial role in the ants' defense against pathogens. Although isolated microbial symbionts were active against Escovopsis in the agar diffusion assay (10) , until re cently, not a single compound from the ants' microbial symbionts had been characterized. Using bioassay guided isolation, Haeder et al. (11) identified the antifungal candicidin macrolides that are produced by a large number of Streptomyces symbionts isolated from three different leaf cutting ant species (A. octospinosus, A. echinatior, and A. volcanus). For the fungus growing ant Apter ostigma dentigerum, Oh et al. (12) reported the cyclodepsipeptide dentigerumycin from a Pseudonocardia symbiont with activity against E. weberi. From A. octospinosus, Barke et al. (13) detected, besides the presence of the previously characterized candicidin polyene macrolide producing Streptomyces (11), a Pseudono cardia symbiont that produces a nystatin like polyene macrolide. These recent findings indicated that there are likely to be a num ber of diverse antifungal compounds yet to be identified from microbial symbionts of leaf cutting/fungus growing ants (11 13) .
Over the last few years, researchers have realized that the eco system of leaf cutting ants is much more complex than initially described as a coevolution of the leaf cutting ants, their fungus garden L. gongylophorus, one microbial symbiont (Pseudono cardia), and one specialized fungal pathogen (Escovopsis) (14) . In addition to the characterization of microbial antifungal compounds (11 13) involved in mediating the interactions between the differ ent partners, it has become evident that both a large number of pathogens (2 5) pose a threat to the ants' fungus garden and a large diversity of microbial symbionts can be found within the ants' nests. These symbionts fulfill diverse functions, including de fense against pathogens or promotion of the growth of the garden fungus (e.g., by nitrogen fixation) (10 13, 15 17) . Because some bacterial symbionts of leaf cutting ants can be also detrimental to the growth of the mutualistic fungus L. gongylophorus, the one sided view of leaf cutting ants and Actinomyces symbionts as mu tualistic partners of the leaf cutting ants should be challenged (18) .
In order to begin to better understand the ecological role of microorganisms associated with leaf cutting ants, it is crucial to expose the chemistry of the individual (micro)organisms in the community. Extending phylogenetic comparisons of secondary metabolite producers (19 21) , we used a combination of phylo genetic analysis, database screening, and electrospray ionisation high resolution mass spectrometry (ESI HR MS) analysis to rapidly identify ecologically relevant secondary metabolites from microbial symbionts. In this way, we identified several antibiotics and investigated their role in shaping the complex interactions in the leaf cutting ants' ecosystem.
Results
Structure Elucidation of Antimicrobial and Antifungal Compounds from Microbial Symbionts. A variety of microbial symbionts from three different Acromyrmex leaf cutting ant species (A. octospi nosus, A. echinatior, and A. volcanus) had been isolated in a pre vious study. The symbiotic microorganisms were characterized using their 16S rDNA sequences for database comparison (11) . In addition, many more 16S rDNA sequences from microbial symbionts of leaf cutting ants are now available (11, 16, 22 24 ). However, because most research concerning the symbionts of leaf cutting ants has focused on Pseudonocardia, their 16S rDNA sequences are the main ones that have been collected and used to study the evolution of the symbiosis between Pseudonocardia and leaf cutting ants (14, 23) .
Instead of using the 16S rDNA sequences for evolutionary studies (19 21) , we used phylogenetic data as a guideline to rapidly identify secondary metabolites that might play a crucial role in the interactions of the complex microbial community of leaf cutting ants. We identified the closest well studied relatives to Streptomyces symbionts from leaf cutting ants based on their 16S rDNA sequence similarity to sequences from the Greengenes and National Center for Biotechnology Information (NCBI) databases using the blast algorithm. The secondary metabolite production of the identified relatives was then studied using the Chemical Abstracts Service (CAS) SciFinder database. On the basis of the results from this phylogenetic comparison, culture supernatants and methanol extracts of the microbial symbionts from Acromyrmex ants were screened by liquid chromatgraphy mass spectrometry (LC MS) in a search for the [M+H] + ions of suspected natural products. Putative hits were verified by com paring the retention times and ESI HR MS spectra of selected compounds with those of authentic standards.
For example, Streptomyces sp. Av25_2 showed high similarity to Streptomyces parvus str. NBRC 14599 (AB184603.1; 99.57%) (Table S1 and Fig. S1 ). Another S. parvus strain had previously been characterized as a producer of actinomycin C (25) . In light of this information, we used LC MS to screen Streptomyces sp. Av25_2 for actinomycin production. Indeed, the symbiotic strain Streptomyces sp. Av25_2 was found to produce actinomycin D (1) and the closely related actinomycin X 2 (2) (26, 27) ( Fig. 1 , Table S1 , and Fig. S1 ). The identity of actinomycin D (1) and X 2 (2) was further confirmed by NMR and comparison with commercially available actinomycin standards. Valinomycin (3) (28) and its closely related derivatives (29) were identified from the symbiont Streptomyces sp. Av25_3, revealing its high similarity to valino mycin producers ( Fig. 1 , Table S1 , and Fig. S1 ) such as S. anulatus (EU647474.1; 98.84%) (Table S1 and Fig. S1 ) and S. tsusimaensis (EU622279; 99.21%) (Table S1 and Fig. S1 ) (20) . Furthermore, we identified the well known antifungal antimycins A 1 A 4 (4 7) (30) ( Fig. 1 , Table S1 , and Fig. S1 ), which are produced by mi crobial symbionts of Acromyrmex, on the basis of the high simi larity of Streptomyces sp. Ao10 to S. albidoflavus (DQ855477.1; 99.72%) (Table S1 and Fig. S1 ). S. albidoflavus, which was re cently isolated from mangroves, has been shown to produce antimycin A 18 (31) , suggesting the possible production of anti mycins (4 7) by Streptomyces Ao10.
The LC MS screening of the extracts from all Streptomyces isolates (11) from leaf cutting ants revealed the distribution of the identified antibiotics in the microbial isolates from three Acromyrmex species (A. octospinosus, A. volcanus, A. echinatior). Valinomycins were produced by Streptomyces sp. Av25_3, Strep tomyces sp. Av26_3, and Streptomyces sp. Av25_6. Antimycins seem to be widespread among Streptomyces and were found in one half of the Streptomyces symbionts analyzed, whereas actinomycins were only produced by Streptomyces sp. Av25_2 (Table S1 ).
Function of Secondary Metabolites from the Symbionts of Leaf-
Cutting Ants. To evaluate the ecological role of the identified sec ondary metabolites from the microbial symbionts of Acromyrmex leaf cutting ants, we tested the compounds in agar diffusion assays against fungal pathogens of the fungus garden (E. weberi, F. decemcellulare, and T. harzianum) and insect pathogenic fungi (Metarhizium anisopliae, Beauveria bassiana, and Cordyceps mili taris). The black yeast Phialophora fastigiata (32) and the fungus Syncephalastrum racemosum (4), both of which are known patho gens in the nests of leaf cutting ants, were included in the agar diffusion assays as well. We also examined the inhibitory potential of actinomycins (1, 2), valinomycin (3), valinomycin derivatives, and antimycins (4 7) against the common soil bacterium Bacillus subtilis. In addition, the effects of the bioactive substances identi fied (1 7) were also investigated ( Fig. 1 ) on selected nonproducing microbial isolates from Acromyrmex leaf cutting ants and the mu tualistic fungus L. gongylophorus. The results of the bioassays are presented in Table 1 , Table S2, S6 ). Even as little as 0.4 nmol actinomycins (1, 2) hampered the growth of Pseudonocardia sp. Ao1 and Pseudonocardia sp. Av30 (Fig. S6 ) in the agar diffusion assay. Greater quantities of acti nomycins also inhibited the growth of the fungi F. decemcellulare, S. racemosum, and the black yeast P. fastigiata (Fig. S4 ).
The well known antifungal antimycins (58 nmol) (4 7) created inhibition zones in the agar diffusion assay against E. weberi (2, 3) ( Fig. S2 ), the black yeast P. fastigiata (32) (Fig. S4 ), and C. militaris but not against other insect pathogenic fungi (e.g., B. bassiana) tested.
As little as 5.8 nmol antimycins A 1 A 4 (4 7) clearly inhibited the growth of the leaf cutting ants' mutualistic fungus L. gongy lophorus in the agar diffusion assay. In contrast, valinomycins (up to 240 nmol) did not inhibit the growth of L. gongylophorus (Fig.  S3 ). In our bioassays, valinomycins inhibited only the growth of B. subtilis (Fig. S5 ).
Mixtures of actinomycins (1, 2), valinomycin (3), valinomycin derivatives, antimycins (4 7), and candicidins (11) exhibit strong synergistic effects (33, 34) . Combined with valinomycins or anti mycins ( 4 7), candicidin macrolides close to or below the minimal inhibitory concentration (MIC, around 1 6 nmol each) caused clear inhibition zones in the agar diffusion assay against E. weberi (Table S2 and Figs. S7 and S8).
Direct Screening for Antimicrobial Compounds in the Fungus Garden, in the Waste, and on the Integument of Leaf-Cutting Ants. To more directly assess the ecological role of secondary metabolites iden tified from the microbial symbionts of leaf cutting ants, we used LC MS to identify these in extracts of the fungus garden and waste material. Fungus garden samples (0.58 1.40 g, fresh weight) and waste material (0.58 31.81 g, fresh weight) from A. niger and A. echinatior were collected. The samples were extracted with ethyl acetate. The extracts were concentrated, redissolved in methanol, and subjected to LC MS analysis. Actinomycin X 2 (2) was detected only in a few waste samples from A. echinatior. In contrast, valinomycins were found in 10 of 13 samples. An ex ternal calibration curve was used to estimate the amounts of valinomycins and actinomycins present in the waste of leaf cutting ants. Actinomycins were found at concentrations of the order of 170 pmol/g. The quantity of valinomycins in the various waste samples varied considerably, ranging from 0 to 13 nmol/g. Acti nomycins (1, 2) and valinomycins were not detected in fungus garden samples. In the limited sample material available to us, we were unable to directly detect antimycins A 1 A 4 (4 7) in waste or fungus garden samples.
Valinomycin (3) was detected directly on the integument of A. echinatior workers using matrix assisted laser desorption ioni zation (MALDI) imaging. Valinomycin (3) was found in varying concentrations and at various positions on the ants' bodies. For some A. echinatior workers, valinomycin (3) was not only detected on the body, particularly, the alitrunk, but also on the legs. Judging from the MALDI imaging, A. echinatior ants can have several nanograms of valinomycin (3) on their cuticle. It is note worthy that valinomycin (3) seems to be often produced in highest amounts in highly localized patches (Fig. 2) .
Discussion
Phylogenetic analysis is widely used to classify microorganisms and more recently, to study evolutionary relationships among secondary metabolite producers (19 21) . Here, we show that 16S rDNA data combined with database search and LC MS profiling can be highly valuable for quickly identifying secondary meta bolite profiles from new microbial isolates. This straightforward method has great potential to help reveal the chemistry in vari ous complex microbial associations.
Using the 16S rDNA analysis combined with database searching and LC MS screening, we have identified valinomycins, actino mycin D (1), actinomycin X 2 (2), and antimycins A 1 A 4 (4 7) ( Fig.  1 , Table S1 , and Fig. S1 ) as compounds that are produced by mi crobial symbionts of Acromyrmex ants. Actinomycins (1, 2) were found only from a single A. volcanus symbiont Streptomyces sp. Av25_2, whereas valinomycins and antimycins A 1 A 4 (4 7) were produced by several of the Streptomyces symbionts analyzed. Similarly, candicidin macrolides were synthesized by the majority of the Streptomyces isolates from the three Acromyrmex species tested (11) . The broad occurrence of those antibiotics suggests their important role in the ecosystem of the Acromyrmex ants.
The antifungal antimycins A 1 A 4 (4 7) inhibit the electron transfer of the ubiquinol:cytochrome c reductase (complex III) (36), which is a pathogen in the ants' nests. In addition, antimycins (4 7) were found to inhibit the growth of several bacteria (37) and yeasts (35) . Antimycins A 1 A 4 (4 7) inhibited the growth of E. weberi (Table 1 ) and the detrimental black yeast P. fastigiata (32) in our agar diffusion assays against pathogens of the leaf cutting ants. In addition, we observed a strongly antagonistic effect of antimycins A 1 A 4 (4 7) against the mutualistic fungus L. gongylophorus. This provides a chemical explanation for recent observations, namely that the microbial symbionts of leaf cutting ants have negative as well as positive effects on the ant colony (18, 23) . In the case of fungal infection, the cost of inhibiting growth of the garden fungus L. gongylo phorus may be outweighed by the benefit of preventing the spread of infection in the nest. Valinomycin (3) (28) and structural variants (29) are ionophores that selectively bind potassium ions, leading to the disintegration of the cellular membrane potential and thus, destroying cells (38) . However, in the agar diffusion assays, valinomycins did not inhibit the fungi tested, including the symbiotic garden fungus (Table 1) . Nevertheless, valinomycin (3) is known to inhibit the hyphal growth of C. albicans (39) as well as various phytopathogens (40, 41) . The ability to defend against phytopathogens is potentially relevant, because leaf cutting ants may import these pathogens with the leaf material that they collect to feed L. gongylophorus (5) . Additionally, valinomycin (3) is active against insects, nematodes, and mites (42) .
Actinomycins have been identified as highly active antibiotics (43) , but on account of their high toxicity, actinomycins are used exclusively in cancer therapy (44) . Because actinomycins strongly inhibit the growth of competing microorganisms, including other Streptomyces and Pseudonocardia symbionts of leaf cutting ants (Table S1 ), they obviously help Streptomyces sp. Av25_2 compete with neighboring microorganisms. Thus, with actinomycins iden tified as being synthesized by a Streptomyces strain isolated from leaf cutting ants, we provide the chemical basis for the observation of Sen et al. (18) , namely that ant associated microorganisms play different roles in this ecosystem, ranging from mutualistic to det rimental interactions. Competition between their different mi crobial symbionts may, at first glance, be disadvantageous for the leaf cutting ants; nevertheless, it may provide a pathway for the selection of potent defenders by inducing an evolutionary arms race between them.
Because antimycins A 1 A 4 (4 7), actinomycins, and valinomy cins as well as the previously identified candicidin macrolides (11) are likely to occur in concert in the leaf cutting ants' nest, we in vestigated the inhibitory properties of different compound mix tures. We found, indeed, that as mixtures, these antibiotics inhib ited E. weberi growth more efficiently than the single compounds. Amounts close to or below the minimal inhibitory concentration of each compound together caused clear inhibition zones in the agar diffusion assay (Figs. S7 and S8 ). Such synergistic effects between valinomycin (3) or actinomycin D (1) with polyene macrolides have been observed previously in pharmacological studies (33, 34) . Now, we show that chemical diversity, particularly, the interplay of bio active molecules, is an important factor in the protection of the leaf cutting ants' nests against infections.
Using MALDI imaging, we were able to identify and monitor the local distribution of an antibiotic, valinomycin (3), from mi crobial symbionts of leaf cutting ants directly on the integument (Fig. 2) . On the cuticle of A. echinatior workers, patches with high amounts of valinomycin (3) (e.g., at joints of the legs) were detected. Considering the weight of the A. echinatior workers used for the MALDI imaging (∼6 mg), several nanograms of valino mycin (3) and in some patches, several tenths of nanograms are likely to be sufficient to fight against susceptible organisms. Until now, it has only been possible to directly detect antibiotics of mi crobial symbionts from insects on the cocoon of beewolf larvae (45) . The presence of valinomycin (3) on the ants' bodies suggests that it may play an important role in protecting individual workers, probably not only against microbial pathogens but also against parasites (e.g., mites) (1, 42) . In addition, we found actinomycins (1, 2) and valinomycin (3) in the waste of A. niger and A. echinatior, which shows again that Streptomyces sp. play an essential role (11, 16) in the environment of leaf cutting ants. The high variability in the quantities of valinomycin (3) in the waste of A. niger provides molecular proof that the antibiotics of the microbial symbionts of leaf cutting ants can be highly localized (46) . Therefore, it seems possible that the production of antibiotics may be regulated by the producing microorganisms or even the leaf cutting ants (46) . The direct detection of antibiotics in natural environments is often problematic, because these compounds can be active in very low concentrations and their occurrence can vary both locally and temporally (47) . The limited quantities of fungus garden and waste samples available to us may explain why we found only valinomy cins and in some cases, actinomycins (1, 2) in our extracts.
Leaf cutting ants likely benefit from the rich diversity of anti microbial and antifungal secondary metabolites from their mi crobial symbionts, because combined, these antibiotics can have strong synergistic effects against possible threats; however, these compounds can also have detrimental side effects. The diversity of natural products plays a driving role in shaping the ecosystems of leaf cutting ants. Only by revealing their chemical nature we can begin to understand fully the complex interactions between multiorganismic partners. The combined approach of phyloge netic analysis with chemical analytics presented here can signifi cantly speed up the identification of the diverse bioactive natural products that orchestrate the multiple interactions in complex biological systems. Cultivation of Microorganisms. Streptomyces from Acromyrmex leaf cutting ants were isolated and determined by Haeder et al. (11) . All Streptomyces were maintained on SFM agar plates (48) . To obtain methanol extracts, the microorganisms were grown in 20 mL test tubes fitted with springs for aer ation containing 6 mL liquid SFM. The cultures were incubated at 28°C on an orbital shaker (220 rpm, Infors Multitron II MT25) for 6 d; 2 mL culture were lyophilized and redissolved in 1 mL methanol. For larger scale isolation of secondary metabolites, 200 mL liquid SFM were filled into 500 mL Erlenmeyer flasks fitted with springs for aeration. The flasks were inoculated with a Streptomyces spore suspension. The cultures were grown in an orbital shaker (220 rpm at 28°C, Infors Multitron II MT25) for 6 d.
Materials and Methods
Secondary Metabolite Screening Inspired by Phylogenetic Data. 16S rDNA data analysis was performed for Streptomyces symbionts obtained previously from three Acromyrmex leaf cutting ant species (11) . Highly similar sequences us ing blast algorithm were identified using the Greengenes (http://greengenes. lbl.gov/cgi bin/nph index.cgi) (49) and NCBI (http://www.ncbi.nlm.nih.gov/ nuccore) databases. The hits for well studied, closely related microorganisms with similarities higher than >98.5% were screened for their antimicrobial and antifungal secondary metabolites using SciFinder from the CAS. The construction of phylogenetic trees was performed with the program MEGA version 4 using the neighbor joining method (bootstrap value, n = 1,000) (50) . Methanol extracts of all microbial symbionts (11) from Acromyrmex leaf cutting ants were screened for actinomycin production using LC MS.
LC ESI MS Analysis of
Valinomycin (3) Methanol extracts of all microbial symbionts (11) from Acromyrmex leaf cutting ants were screened for antimycin A 1 A 4 (4 7) production using LC MS. For the bioassays, 100 μL mycelium or spore suspensions (∼5 mg wet weight/mL in water) of the test organisms were spread onto SFM plates (5.5 cm diameter, 10 mL medium). A 6 mm hole was cut in the middle of the plate to apply 50 μL test solutions or an appropriate solvent control (MeOH). The inhibition zones were monitored after samples were incubated for 4 16 d at 28°C. All assays that showed inhibition zones were performed at least in triplicate and compared with identically prepared solvent controls. The results of the assays are presented in Table 1 , Table S2 , and Figs. S2 S8.
Antimicrobial and Antifungal Properties of Antimycins

Detection of Antibiotic and Antifungal Compounds in the Fungus Garden and
Waste. Waste and fungus garden samples from A. echinatior and A. niger were analyzed. The samples (0.58 31.81 g) were extracted with ethyl acetate (10 300 mL) by sonification and stirring for 2 h. After filtration, the filtrate was concentrated in vacuo. The residue was resuspended in 200 μL, 500 μL, or 2,500 μL methanol and analyzed by LC MS. The measurements were compared with standards of actinomycin D (1) and X 2 (2), antimycins A 1 A 4 (4 7), valinomycin (3), and valinomycin derivatives. The total amounts of valinomycins and actinomycins in the extracts were estimated by comparison of the respective peak areas to an external calibration curve.
MALDI Imaging of A. echinatior Workers. A. echinatior workers were mounted onto the MALDI plate with the help of a double sided adhesive tape and sprayed with matrix solution of α cyano 4 hydroxycinnamic acid (51) [7 mg/mL in MeCN:water (80:20, v:v) and 0.2% trifluoroacetic acid] by an automatic sprayer (Bruker ImagePrep). Microscopic pictures (magnification = 1 1.25×) were taken using a Leica S8 APO Greenough stereo microscope equipped with a Schott KL 1500 compact halogen cold light source. The images were captured by a digital camera and were processed using the Leica Application Suite LAS EZ ver. 1.6.0. All images were rescaled to the same scale ratio to make parity among all of the different images. MALDI imaging experiments of antibiotics on the cuticle of A. echinatior workers were performed by an LTQ Orbitrap XL mass spectrometer (Thermo Fisher) coupled to a MALDI source to provide spectra and images. The spectrometer was operated in positive selected ion monitoring mode (mass range = 1,060 1,160) with nominal mass resolving power of 60,000 at m/z 400 and a scan rate of 1 Hz with automatic gain control to provide high accuracy mass measurements within 2 ppm deviation using the internal calibration standard α cyano 4 hydroxycinnamic acid (CHCA):m/z = 379.095. The laser was set at power 20 μJ, with raster plate motion and raster step size of 100 μm; three microscans per step are used for the analysis. All data were processed by Thermo ImageQuest 1.0.1 software.
To estimate the amount of valinomycin (3) ([M+K] + m/z = 1,149.602) on the integument of leaf cutting ants, a dilution series of valinomycin (3) (1, 10, and 100 ng) was measured under identical conditions as the ant samples.
